By using PCR, Actinobacillus actinomycetemcomitans strains were identified directly from plaque samples without the need to isolate or culture bacteria. DNA fragments were generated by a nested, two-step PCR amplification of the ribosomal spacer region between the 16S and 23S rRNA genes. For the first amplification, primers homologous to sequences common to all bacterial species were used. This was followed by a second amplification with primers specific to A. actinomycetemcomitans. The ribosomal DNA spacer region was amplified from as few as 10 bacterial cells within a total population of 108 cells (0.00001%), and cross-reactivity between species was not observed. DNA fragments specific for Porphyromonas gingivalis were generated from the same samples by using a P. gingivalis-specific primer, and equivalent sensitivity and specificity were observed. A. actinomycetemcomitans was detected in 60% and P. gingivalis was detected in 79% of 52 subjects tested. Sequence analysis of the spacer region DNA fragment for A. actinomycetemcomitans gave precise strain identification, producing unique sequences for seven reference strains and identification of nine plaque-derived isolates. A phylogenetic tree based on quantitative sequence relationships was constructed. Two-step PCR amplification directly from plaque samples combined with sequence analysis of the ribosomal DNA spacer region provides a sensitive assay for detection and strain identification of multiple species directly from a single plaque sample. This simplified approach provides a practical method for large-scale studies on the transmission and pathogenicity of periodontitis-associated bacteria.
Actinobacillus actinomycetemcomitans and Porphyromonas gingivalis have been implicated as pathogens in periodontal disease (24) . However, both organisms can be detected with some frequency in periodontally healthy individuals of all ages, even children (13, 19) . This raises the question of whether the bacteria are opportunistic in nature, with all or most strains having the potential to produce disease under hospitable conditions, or whether only some strains have pathogenic potential. In addition, little is known about the stability of colonization within individuals or the transmission of strains between individuals. To develop meaningful prognostic tests and to determine to what extent periodontitis is a contagious disease, studies of the pathogenicity and means of transmission of these organisms are needed. Because there are many clones of each pathogen (4, 16, 17) , these studies must include large numbers of subjects. The ability to carry out large-scale studies requires simplified and highly sensitive methods for the detection and identification of strains. The ideal assay would reproducibly discriminate between closely related strains, allow the comparison of strains over time and between laboratories, detect low levels of bacteria, and be rapidly and easily performed. Various approaches have been used, and each of these approaches satisfies some of these criteria. Serotyping has been used to identify groups within species for A. actinomycetemcomitans and P. gingivalis (20, 30) . Although some variation has been seen depending on the culture conditions used (2) , serotyping is reproducible, and results can be cataloged and compared. The primary shortcoming is that only a limited number of serotypes have been detected, and strains that can be differentiated by other methods cannot be distinguished by serotyping. Restriction fragment polymorphisms found in whole genomic DNA have been used to distinguish strains of ' Corresponding author. both A. actinomycetemcomitans and P. gingivalis (17, 27, 31) , and multiple genetic groups have been identified. Southern blot analysis of whole genomic DNA (7, 25) and random priming of the PCR (21) have also been used to distinguish strains of A. actinomycetemcomitans, and multilocus enzyme electrophoresis has been used to distinguish strains of both organisms (4, 16) . These techniques have identified many more clonal types than could be determined by serotyping, but the disadvantage is that samples must be compared directly and cannot be precisely cataloged for comparison over time or between laboratories. All of these techniques require that the bacteria of interest first be isolated and cultured. This is a cumbersome and time-consuming step and selects only those organisms that will grow under the culture conditions. If the organism of interest occurs at a level low enough to elude detection by culturing techniques, it cannot be identified by those methods. Information about the presence of strains that occur in low numbers may be crucial to answering questions about the association of particular strains with the disease process and the transmission of strains between individuals. Methods that circumvent the need to isolate and culture bacteria are needed both to simplify and to increase the sensitivities of assays for strain identification.
Earlier (11) Plaque sampling procedure. A sample of 52 subjects ranging in age from 2 to 72 years was selected from the pediatric, periodontal, and emergency clinics of the Ohio State University College of Dentistry. All subjects were informed concerning the nature and procedures involved in the study, and consent was obtained. The number of sites sampled from each subject ranged from 1 to 12, and samples from all sites from a single subject were pooled for analysis. Saliva and supragingival plaque were removed from the sampling site with a cotton roll or gauze pad. Specimens were collected by inserting one to four sterile, medium endodontic paper points (Johnson and Johnson, Windsor, N.J.) into the sulcus for 10 s. The points were removed and placed in a sterile 1.5-ml microcentrifuge tube, and the tubes were transported to the laboratory, where they were refrigerated and processed within 1 week. Bacteria were removed from the paper point by adding 750 of sampling buffer [150 mM NaCl, 20 mM Tris (pH 7.5), 10 mM EDTA, 10 mM ethylene glycol-bis(13-aminoethyl ether)-N,N, N',N'-tetraacetic acid; EGTA] and vortexing for 1 min, after which the paper points were removed.
Isolation and purification of DNA. Suspended plaque samples or 1 ml of cultured bacterial cells were centrifuged at 10,000 x g for 30 s, after which the supernatant was removed and discarded. The pellet was suspended in 300 p.l of 50 mM Tris-HCl (pH 8.0)-i mM EDTA-1% sodium dodecyl sulfate. Proteinase K was added to a concentration of I mg/ml, and the sample was incubated at 37°C for I to 2 h. The DNA was purified by the standard Geneclean (Bio 101, Inc., LaJolla, Calif.) protocol, with the addition of one additional washing step. This simplified purification method produced yields comparable to those of previously used methods (11) and provided DNA of suitable integrity for PCR amplification.
Amplification and sequencing of the rDNA spacer region. A schematic representation of the bacterial rRNA operon, the relative locations and orientations of the various primers, and the resulting DNA fragments is presented in Fig. 1 To generate species-specific DNA fragments from mixed samples, a second amplification was performed. Aliquots consisting of 2% of the product from the first amplification were used as templates for a second amplification with a speciesspecific primer to obtain rDNA spacer region fragments specific for either A. actinomycetemcomitans or P. gingivalis. For amplification of A. actinomycetemcomitans DNA, primer AA (0.36 ,ug) was used, and for amplification of P. gingivalis DNA, primer PG (0.36 ,ug) was used. These primers were each used in combination with the universal primer 422 (0.36 ,ug) ( Fig. 1) .
DNA fragments were separated by electrophoresis in a 1I% agarose gel in TBE (0.1 M Tris-borate [pH 8.3], 2 mM EDTA). Gels were stained with ethidium bromide and were photographed by using UV light. The spacer region of the small rDNA operon was sequenced from the product of the second amplification by using the ds DNA Cycle Sequencing System (BRL) according to the manufacturer's instructions. Primer sp-lt, which is homologous to the Glu-tRNA found in the small A. actinomycetemcomitans ribosomal operon and which is not present in the large operon (14) , was used to avoid having to separate the DNA fragments from the small and large spacer regions. The sequence of the spacer region for the A. actinomycetemcomitans reference strains was confirmed by sequencing the other strand by using primer 317-R and the Sequenase system (U.S. Biochemicals) according to the manufacturer's instructions. Because primer 317-R is not specific for the smaller operon, the smaller band was isolated from a 1% agarose gel by using the standard Geneclean (Bio 101, Inc.) protocol.
Phylogenetic analysis. Two different phylogenetic analyses were performed to assess strain relationships. First, an unrooted network was developed from the matrix of nucleotide similarities by using the neighbor-joining analysis NEIGHBOR of the package PHYLIP (9) . The data were also examined by a cladistic approach (parsimony), DNAPARS of PHYLIP (9), coding nucleotide changes and insertion or deletion changes as individual characters.
Nucleotide sequence accession number. The nucleotide sequences of the spacer region of the small ribosomal operon for A. actinomycetemcomitans ATCC 29522, ATCC 33384, and ATCC 29523 have been submitted to GenBank under accession numbers U07778, U07777, and U07776.
RESULTS
Sensitivity of amplification of the rDNA spacer region. The sensitivity of detection of A. actinomycetemcomitans by PCR was tested by amplifying the rDNA spacer region by using decreasing amounts of template DNA. The pair of universal primers, 011 and 422, was used. This amplification generated a fragment that included the entire rDNA spacer region flanked by most of the 16S gene and a portion of the 23S gene. Figure 2 is an ethidium bromide-stained agarose gel containing the rDNA spacer regions amplified from decreasing numbers of A. actinomycetemcomitans starting with 106 bacteria and decreasing in 10-fold dilutions down to 10 cell equivalents. Even when only 10 cell equivalents of the A. actinomycetemcomitans genome were available as starting material for rDNA spacer region amplification, amplified spacer region DNA was obtained. Similar results (data not shown) were obtained for P. gingivalis.
Specificity. A two-step amplification was used to examine the specificity of amplification of the rDNA spacer region from mixtures of bacteria. Increasing amounts of E. coli DNA were amplified in the presence of 10 cell equivalents of A. actinomycetemcomitans (Fig. 3) or P. gingivalis DNA (data not shown). The rDNA spacer region was first amplified by using the universal primers 011 and 422. This amplification generated a mixture of rDNA spacer region DNA fragments amplified from both species (data not shown). A second amplification was performed by using the product of the first amplification as a template. One of the species-specific 16S primers (AA or PG) paired with the universal 23S primer (universal primer 422) was used. This amplification produced spacer region DNA fragments only from the species determined by the primer. The fragments generated in this amplification did not include the first 800 bp of the 16S gene-coding region present in the fragment generated in the first amplifi- cation. A. actinomycetemcomitans or P. gingivalis DNA was amplified even in the presence of a 108-fold excess of E. coli DNA. No amplified DNA was observed by using primer AA with E. coli, P. gingivalis, or H. aphrophilus template DNA. No amplified DNA was observed by using primer PG and E. coli or A. actinomycetemcomitans template DNA.
Amplification with species-specific primers resulted in two products for all A. actinomycetemcomitans strains examined and one product for all P. gingivalis strains examined (Fig. 4) . The two A. actinomycetemcomitans products are the result of two rRNA operons that differ in the lengths of their transcribed spacer regions. The small spacer region contains the coding region for the single tRNA Glu, and the large spacer region contains the coding region for at least the two tRNAs Ile and Ala (14) . These tRNAs are the same as those that occur in two classes of ribosomal operons found in E. coli (12) .
Direct amplification from plaque samples. Amplification of species-specific DNA fragments directly from plaque samples was achieved by a nested, two-step PCR. The first amplification, with the universal primers 011 and 422, generated a mixture of spacer region DNA fragments amplified from all procaryotic species present in the sample (data not shown). A second amplification was performed by using the product of the first amplification as a template and a species-specific 16S primer (AA or PG) and the universal 23S primer 422. This produced DNA fragments corresponding to the rDNA spacer region only from the species determined by the primer. FigureSTRAIN IDENTIFICATION were detected together in the same sample and when each species was detected alone. The first two lanes of Fig. 4 contain DNAs amplified from reference strains of A. actinomycetemcomitans and P. gingivalis; lanes 3 and 4 show that both species were detected in the plaque sample obtained from patient A; lanes 5 and 6 show that only A. actinomycetemcomitans was detected in the sample obtained from patient B, while lanes 7 and 8 show that only P. gingivalis was detected in the sample obtained from patient C. Table 2 demonstrates the frequency of detection of A. actinomycetemcomitans and P. gingivalis DNA fragments from the 52 subjects in our study sample. A. actinomycetemcomitans was detected in 60% of subjects and P. gingivalis was detected in 79% of subjects.
Strain identification from spacer DNA sequence. The rDNA spacer regions for seven ATCC strains and nine subjectderived isolates of A. actinomycetemcomitans were sequenced. The aligned sequences for the 5' region of the spacer are shown in Fig. 5 . Sequences of two of the ATCC strains were found among the nine patient-derived isolates examined: a sequence identical to that of ATCC 29523 appeared in three of the subjects' samples, and a sequence identical to that of ATCC 43719 was identified from one subject's sample. The remaining five clinically derived isolates were found to have unique sequences. Thirty-nine of the 130 nucleotide positions aligned were variable in the 16 sequences examined.
Phylogenetic analysis. Quantitative comparisons of differences in nucleotide sequence were used to ascertain the phylogenetic relationship between strains by using two different analyses. In the unrooted network developed from the matrix of nucleotide similarities by using the neighbor-joining analysis, several clusters appeared. The samples formed a closely related grouping which included the following clusters: (i) ATCC 43717 and ATCC 29523 (identical to CMH8, CMH12, and CMH13), (ii) ATCC 33384 and ATCC 43719 (identical to CMH11), and (iii) ATCC 29522, ATCC 29524, and ATCC 43718. Isolate CMH15 appeared equidistant from clusters i and iii, while CMH9 and CMH5 seemed to fall just outside of the combined cluster. A divergent fourth cluster also existed; it was made up of CMH1 and CMH4. The consensus tree generated by using a cladistic approach, coding nucleotide changes and insertion or deletion changes as individual characters, is presented in Fig. 6 . The consensus tree was directed by placing CMH1 and CMH4 as outliers, but was unrooted. (54) 3 (6) 13 (25) 8(15) "Thirty-one subjects (60%) were positive for A. ac:tinonzvcetemconiitans; 41 subjects (79%) were positive for P. gingivalis. The clusters identified by the examination of nucleotide similarity are present in the consensus tree shown in Fig. 6 .
DISCUSSION
In order to study the epidemiology of periodontal diseaseassociated pathogens, we developed a method to generate an identifying DNA fragment directly from a plaque sample without the need to culture or isolate bacteria. This fragment is then sequenced, resulting in the sensitive, precise genetic identification of individual strains. The assay relies upon a two-step, nested PCR amplification of the highly variable [9] ). transcribed spacer region between the 16S and 23S rRNA genes. Specific regions of the 16S and 23S rRNA genes flanking the spacer region are known to be highly conserved among procaryotic species (3, 29) . In the first amplification, oligonucleotides homologous to these universally conserved sequences were used as primers for PCR to amplify the variable spacer region from all bacterial species present in a plaque sample.
In addition to the universally conserved sequences, the 16S gene-coding region also contains sequences unique to a single species, including A. actinomycetemcomitans, P. gingivalis, and several other species associated with periodontal disease (5, 6, 8) . These sequences were used as primers for a second amplification to selectively generate a fragment from the rDNA spacer region only from the species of interest. The specificities of the oligonucleotides used in the present study to detect A. actinomycetemcomitans and P. gingivalis have been established in previous investigations. Dewhirst et al. (6) (11) , the fragment can be generated directly from a plaque sample by using species-specific primers for PCR amplification as described here. Direct amplification offers several advantages. It eliminates the need to maintain the viability of anaerobes for culture, simplifies the process of analysis, and increases the sensitivity of detection. We were able to store samples for at least 1 week before processing by this assay, whereas culture-based assays require immediate processing. Despite careful culturing technique, if an organism of interest occurs at a very low level or as a small percentage of the total bacterial flora or if a strain is particularly fastidious, it may not be detected by culturing. Information about the presence of strains that occur in low numbers may be crucial to answering questions about the association of particular strains with the disease process and the transmission of strains between individuals. By using PCR amplification, as few as 10 cells can be analyzed in the presence of 108 cells of another species. Furthermore, by using a two-step amplification procedure, several species from the same plaque sample can be analyzed.
Methods that have previously been used for strain identification, with the exception of serotyping, require direct comparison of individual samples, and therefore assays must be performed concurrently. Although serotype analysis does allow indirect comparisons to be made, it cannot distinguish strains that can be differentiated by other methods. Sequence analysis of the DNA fragment from the ribosomal spacer region provides good discrimination between strains and allows strain identification information to be cataloged so that comparisons can be made over time and between laboratories. The assay also provides quantitative sequence information that can be used to construct the phylogenetic relationships among strains. Information about these relationships may prove to be important in separating nonpathogenic and pathogenic groups of strains.
A nested, two-step PCR amplification and sequence analysis provides a simplified, sensitive, precisely catalogable strain detection and identification methodology suitable for the epidemiologic studies that are needed to determine whether specific strains of periodontal pathogens are associated with disease and to track the transmission of strains among human contacts.
